Finally, we have sought corroborative evidence by our perception of the world is highly integrated and unitary. Despite their independent capture, it is clear that comparing psychophysical performance in congenitally blind subjects with an early blind patient who became information from one sense influences the perception obtained from another. The classical view in neurophysialexic for Braille following a bilateral occipital stroke (Hamilton et al., 2000) . Given the incurred damage to ology purports that early sensory processing is carried out in parallel and in a strict modality-specific manner.
her occipital cortex and lack of prior visual experience, we hypothesized that her performance would be selecSensory integration is subsequently achieved within specialized multimodal associative areas (Stein and tively impaired in tactile tasks requiring fine spatial judgments. Meredith, 1993). Emerging evidence has forced us to reevaluate this view, given that processing of one sensory modality can recruit primary cortical regions typiResults cally reserved for a different modality. 2 illustrates these results. When judging roughness, intion of roughness judgment with a global dampening of termediate dot spacing was perceived as the most subthe subjective reports ( Figure 2A ; light gray symbols). jectively rough, while closely and widely spaced dot While subjects still perceived the 3 mm spacing as the patterns felt smoother. Therefore, plotting subjective interdot spacing generating the maximal impression of perceived roughness against actual dot spacing yielded roughness, the magnitude of the perceived roughness an inverted U-shape curve (Figure 2A ; black symbols) was significantly suppressed [TMS main effect: F(2,20) ϭ with a maximal value corresponding to a dot spacing of 11.3, p ϭ 0.0005; Scheffé : S1 versus PRE, p ϭ 0.002; S1 3 mm. On the other hand, subjective distance judgments versus V1, p ϭ 0.003]. This result fits with observations plotted against actual dot spacing generated a linear during postexperiment debriefing in which subjects rerelation (i.e., greater interdot spacings were systematiported that the arrays "did not feel as bumpy" or "were cally perceived as greater distances) ( Figure 2B ; black less sharp" following somatosensory cortex stimulation. symbols).
In contrast, rTMS application to the occipital cortex did not affect roughness judgment at all (Figure 2A, have the opportunity to test her baseline performance before the acute neurological event, her psychophysical and identify everyday objects by touch (e.g., coins and keys). Her performance on the roughness task was performance is in agreement with the data obtained following occipital rTMS in sighted subjects. within the range of responses reported by the sighted and congenitally blind controls for all dot spacings. An
The disruptive effect on roughness determination was greater than that for distance. This is most likely related inverted U-shaped function and maximal roughness centered at the 3 mm was observed falling within the to the fact that the tasks are fundamentally different and therefore may well recruit different neural mechanisms. maxima and minima of sighted and early blind controls ( Figure 3A) . However, her performance on distance judgHowever, several methodological considerations are important. First, the occipital cortical areas implicated in ments was greatly impaired, characterized by a global flattening of the curve at almost all interdot spacings these tactile determinations are likely to include regions beyond the disrupted activity induced by TMS as aptested ( Figure 3B ). Her deviance from both the sighted and congenitally blind groups for distance judgments plied in the present study. Neuroimaging studies investigating the neural correlates implicated with roughnesswas evident at pattern spacings of 5.2 mm and greater. Performance of congenitally blind subjects was similar distance determinations are likely to assist in resolving this issue. Second, while TMS intensity of 110% motor to sighted controls for both the roughness and distance tasks (no significant difference between groups, all F Ͻ threshold has been demonstrated to depress excitability in sensorimotor cortex, it may not be sufficient to de-2.6, p Ͼ 0.13).
press excitability in occipital cortex. Indeed, it has been reported that motor threshold (measured from motor Discussion cortex) and phosphene threshold (measured from occipital cortex) are not correlated within the same subject Our findings suggest that the occipital (visual) cortex is functionally involved in tactile information processing in (Boroojerdi et al., 2002), and thus in some cases, we . In our study, with increasing spacing. As the authors suggest, this discrepancy may be related to the physical characteristetragonal-arranged raised dot arrays (having no overall orientation relative to the finger axis) with spacing varytics of the tactile stimuli used (e.g., height of tactile dots) and the mode of presentation (passive versus active ing from 1 to 8.2 mm were used. Thus, in our study, the subjects were asked to explore a much broader range touch; see Meftah et al., 2002) . It is possible that a different effect on performance following rTMS applicaof interdot spacings. As revealed in Figure 2 of our results, had we limited ourselves to a spacing of 3 mm, tion would result if subjects explored the tactile stimuli used by the aforementioned group. This issue merits we would have failed to observe an effect on distance judgments following rTMS application to the occipital further study and may provide for interesting and contrasting findings.
cortex. Second, participants in our study actively explored the tactile patterns (lasting approximately 2 s) Previous studies have demonstrated activation of occipital cortex during tactile tasks in blind and sighted and were asked to subjectively rate overall roughness and distance using a 1-10 scale. Zangaladze et al. (Macaluso et al., 2000) . The functional significance of occipital activation in tactile tasks the site of occipital stimulation (and thus the cortical region primarily disrupted) was different between the has been previously assessed using TMS. In early blind subjects, found that TMS applied to two studies. In the Zangaladze study, the investigators targeted a region near the contralateral parieto-occipital occipital cortex disrupted Braille letter reading. Interestingly, subjects knew that they were touching Braille symfissure previously identified by the same investigators to be active during their specific tactile task (Sathian et bols but were unable to discriminate them, suggesting that this area was implicated in the actual identification al., 1997). It is not clear if this same area is active while performing the tactile task employed in our study. We of letters rather than simple tactile detection. In sighted individuals, Sathian and coworkers (1997) employed a targeted the occipital cortex bilaterally (likely disrupting VI and V2) with the rationale that distance determination gratings orientation task (GOT) and PET imaging to demonstrate that tactile discrimination leads to increased would necessitate fine spatial judgments and thus impli- tal cortex is capable of carrying out fine spatial compariour findings suggest that visual imagery cannot be the sons, albeit at a lowered overall input drive from somatosole factor. First, none of the subjects were allowed to sensory cortex. Conversely, disrupting occipital cortex see the tactile stimuli used in the study and thus could impairs fine spatial discrimination (since this area may not make determinations based on prior visual recollecbe more ideally suited for these operations and is being tion. Second, congenitally blind subjects exhibited peraffected directly), but roughness perception is still posformance similar to that of sighted controls on both the sible given that processing within somatosensory cortex roughness and distance tasks. The fact that individuals is still intact. It is also possible that somatosensory and in this group were all profoundly blind (and thus possess visual cortices represent entry points for rTMS but its minimal memory from prior visual experience) suggests effect may be distant from the stimulation site itself. that visual imagery is not necessary to carry out these Distance judgments can be carried out within a region tasks. Finally, though we do not have psychophysical (perhaps parietal cortical areas and/or thalamic nuclei) data on patient MC prior to her acute neurological event, that can be secondarily disrupted by occipital cortex it is clear from her performance that she had great selecstimulation but not from somatosensory cortex. The fact tive difficulty with the distance determination task while that patient MC (with her extensive bilateral occipital her roughness judgments remained intact. This strongly cortical and subcortical damage) showed greater impoints to the implication of occipital cortex in performing pairment on the distance task than that induced by octasks requiring fine spatial judgment. As with congenicipital rTMS in sighted controls suggests that areas betally blind subjects, it is unlikely that her impairment in yond striate cortex are likely implicated in performing the distance judgment task was due solely to impaired this task. Finally, it is difficult to know with certainty visual imagery. It is important to note, however, that this which areas were functionally being disrupted through does not rule out the possibility of visual imagery in rTMS application. Though stimulation was centered over sighted subjects. Despite the fact that both sighted and congenitally blind subjects perform equally on the primary visual cortex, it is likely that peristriate areas roughness-distance task, it is still possible that these were affected as well. Similarly, it is possible that areas groups do so using very different neural mechanisms.
within the precentral sulcus were affected during soIn sighted subjects, the selective effect of occipital matosensory cortex stimulation. This latter point becortex disruption on distance judgment is in line with the comes more difficult to resolve given that accumulating view that this cortical area is implicated in the analysis of evidence suggests that rTMS leads to direct effects on macrogeometric (i.e., distance) rather than microgeothe site of stimulation but also affects functionally conmetric (i.e., texture) features (see Sathian et al., 1997;  nected areas (see Paus et al., 1997). Further studies Zangaladze et al., 1999). These results also lend crecombining TMS with functional imaging are likely to asdence to the view that the processing of these attributes sist in disentangling these important issues. may be functionally subdivided (Roland et al., 1998) .
The implication of occipital cortex in tactile proHowever, one might expect that disruption of somatocessing may be the result of specialized but complesensory cortex would produce a nonspecific effect on mentary inputs that converge onto this region, and it is both tactile tasks (i.e., impair both roughness and disthis overlap that provides the redundancy of cues tance judgments), given that this area can be assumed needed to organize stimuli spatially across different moto be the "entry point" of tactile sensory information dalities (Johnson and Hsiao, 1992) . Areas that typically (Zangaladze et al., 1999) . Given the limited depth of process one sensory modality can contribute to input penetration of the rTMS pulse, it is possible that only obtained from another modality. Despite similar sensory superficial areas within S1 (as opposed to areas 2, 3a, representations and processing strategies, this does not and 3b) were affected and this could account for the mean that primary cortical areas cannot contribute difselective disruptive effect. Furthermore, distance deterferently to the overall representation or identification of minations (especially at greater interdot spacings) may an object. Viewed in this way, such a framework involvdepend on receptors located within deeper subdivisions ing cross-modal sensory processing can confer a beof S1 and/or long-range projections between somatohavioral advantage and even be functionally adaptive sensory and visual cortices unaffected by the TMS in conditions when a sensory modality is lost (for exampulse. An alternative possibility would be to consider that primary sensory areas share similar representaple, sight).
Experimental Procedures
by comparing scalp position coregistered with the subject's own anatomical MRI using a frameless stereotaxic-based system (Brainsight; Montreal, Canada) (see Figure 1C) . TMS intensity was set at Sighted Subjects Experiments were carried out in accordance with NIH guidelines for 110% of the subject's motor threshold (defined following current safety guidelines; Wassermann, 1998). Stimulation intensities human studies and approved by the hospital's Institutional Review Board. All 11 subjects (7 male, aged between 26 and 43) gave inranged between 45% and 82% of maximum stimulator output. TMS was always applied using a 10 min train of 1 Hz repetitive stimulation. formed consent to participate in the study. None of the sighted subjects were familiar with Braille and all had 20/20 best-corrected During rTMS, no motor-evoked potentials and hand movements or phosphenes were induced by somatosensory and occipital stimulavisual acuity and normal neurologic and physical examinations. Exclusion criteria included any history of neurological disorders (extion, respectively. cept for patient MC; see below), trauma to hands, calluses at the test finger pad, or any cognitive impairments (including dyslexia).
Experimental Protocol All subjects were strongly right handed (as determined by selfAfter a trial to familiarize subjects with the eight pattern stimuli (while assessment of handedness and administration of the modified Edinblindfolded and not requiring a response), subjects were instructed burgh handedness inventory questionnaire; Oldfield, 1971) .
on the task and given earplugs, and then they began the experiment (see Figure 1B for experimental design). At no time were the sighted subjects allowed to visually examine the tactile stimuli. The offline Congenitally Blind Subjects In addition to sighted subjects, we assessed tactile performance in design consisted of one block prior to the TMS sessions for assessing baseline performance followed by two blocks post-TMS five (four male, mean age 19) congenitally blind subjects. All subjects were proficient Braille readers ( 
